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The pursuit of strong and ductile structures for cryogenic applications has fueled a persistent interest in the
microstructure design of metals and alloys. While heterostructure design has recently demonstrated efficacy in
achieving superior strength-ductility combinations at room temperature, its potential remains less explored in
the cryogenic regime. In this report, we unveil anomalously improved cryogenic mechanical properties of a pure
titanium with harmonic heterostructure that matches or even surpasses those of commercial titanium alloys.
Through detailed comparison to room-temperature deformation behavior, we reveal that the superior perfor-
mance of heterostructure at cryogenic temperature is fundamentally underpinned by the amplified inter-zone
mechanical incompatibility and the suppression of dislocation cross-slip. The former promotes the generation
of abundant geometrically necessary dislocations, and the latter optimally configures them. Collectively, these
two factors culminate in the hetero-deformation-induced effect, delivering the anomalous improvement of
cryogenic mechanical properties in titanium. These findings not only significantly advance our understanding of
cryo-deformation behaviors in heterostructured materials but also offer the potential for developing high-

performance materials for cryogenic applications.

1. Introduction

The compelling demand for cryogenic technologies necessitates the
development of high-performance materials capable of withstanding
substantial stress while maintaining ductility in cryogenic temperatures
regime [1,2]. Titanium (Ti) and its alloys have long been investigated as
promising materials for cryogenic structures such as liquid rocket engine
components due to their low density, good formability, and excellent
corrosion resistance [3,4]. However, a persistent strength-ductility
trade-off has been observed in conventional Ti at cryogenic tempera-
tures [5-8]. Coarse-grained (CG) Ti, when appropriately alloyed, ex-
hibits good cryogenic ductility partially due to twinning-induced
plasticity [9] but its strength is limited [10]. Conversely, ultrafine- or
nano-grained Ti can be much stronger at cryogenic temperatures but
typically has very low ductility as measured by uniform elongation
during tension [11]. For instance, Sun et al. [6] reported the systematic
decrease of ductility in ultrafine-grained (UFG) Ti compared to CG
samples, tested at a wide range of deformation temperature down to 77
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K. Consequently, the conventional microstructure design in Ti appears
falling into a thorny dilemma between strength and ductility concerning
cryogenic mechanical performance, similar to the strength-ductility
trade off at room temperature [5-7,12].

To retain or improve ductility, it is critical to maintain a sustained
strain hardening rate higher than the flow stress during tensile testing,
according to the Considere criterion [13]. Cryogenic temperatures may
influence ductility in two opposite ways. Firstly, low temperature sup-
presses the dynamic annihilation of dislocations, thus promoting strain
hardening to improve ductility [14]. Secondly, low temperature could
increase flow stress, due to the thermal nature of lattice friction stress for
dislocation slip [15], which reduces ductility. For homogenous Ti, grain
refinement does not appear to effectively retain ductility at cryogenic
temperatures in order to overcome the strength-ductility trade-off [5-8,
12].

Another microstructure design paradigm, known as heterostructur-
ing, has been recently proposed for improving the strength and ductility
[16,17]. Numerous studies have invoked this strategy to mitigate or
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Fig. 1. EBSD characterizations of homogeneous and HS Ti samples. (a) Inverse pole figure (IPF) mappings of the sample annealed at 723 K for 60 min. (b) IPF
mappings of the sample annealed at 773 K for 10 min. (c) IPF mappings of the sample annealed at 773 K for 60 min. (d-f) Grain size distribution in three samples. (g-
h) Micrographs of the splitting of grains into two groups using 1 pm as the threshold i.e., >1pm (FG) and <1pm (UFG) for the sample annealed at 773 K for 10 min. (i-
k) Inverse pole figures showing micro-texture similarities. Grain boundary misorientation angle distributions of (1) UFG-Ti, (m) HS-Ti, (n) FG-Ti collected from EBSD,

highlighting the dominant portion of high-angle grain boundaries.

even evade the strength-ductility trade-off across a wide range of metals
and alloys, primarily at room temperature [18-21] and occasionally in
face-centered cubic (FCC) metals at low temperatures [22]. The un-
derlying mechanism of this strategy is the interactive coupling between
different zones during deformation. Mechanical incompatibility be-
tween heterostructured (HS) zones leads to inter-zone strain partition-
ing, resulting in local strain gradient and generation of geometrically

necessary dislocations (GNDs) near interfaces [23,24]. This phenome-
non, also referred to as hetero-deformation-induced (HDI) strengthening
and hardening, promotes both strength and ductility [25,26]. A prom-
inent example in published studies is, in fact, the HS Ti [24,27-31].
Notably, in spite of disparate zone constituents and architectures, het-
erostructures such as lamella structure and multimodal grain structure
all exhibit substantially improved strength and ductility for Ti at room
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temperature.

This naturally raises a question whether the heterostructure strategy
has the potential to overcome the strength-ductility trade-off of Ti at
cryogenic temperatures. Specifically, can the HDI strain hardening
effectively counteract the increase in flow stress during cryogenic tensile
deformation, thereby delaying necking? If so, what is the underlying
effect of temperature on deformation of heterostructures?

To address these questions, we investigated the cryogenic (77 K)
mechanical performance of a HS Ti, which consists of fine-grained (FG)
zones embedded in UFG matrix zones. To enable a direct comparison, we
also prepared standalone FG and UFG samples and tested their room-
temperature mechanical behaviors. We demonstrate that the mechani-
cal properties of HS Ti defy the strength-ductility trade-off established
by standalone FG and UFG samples at 77 K — a phenomenon not
observed at room temperature. We argued that the fundamental mech-
anisms underpinning this anomalous improvement of cryogenic me-
chanical performance in HS Ti are two-fold. One is the amplified inter-
zone mechanical incompatibility at low temperature, leading to pro-
nounced strain partitioning and generation of more GNDs; the other is
the suppression of dislocation cross-slip at low temperature, which
promotes dislocation pile-up, a more effective configuration for GNDs to
produce HDI stress. Insights gained from this work will provide critical
guidance for designing high-performance structural materials for cryo-
genic applications.

2. Experimental procedures
2.1. Materials fabrication

A commercially pure Ti (Grade 2) with a chemical composition of Ti-
0.03 at.% N-0.08 at.% C-0.015 at.% H-0.3 at.% Fe-0.25 at.% O was used
in this work. The commercial Ti bar with a diameter of 120 mm was
vacuum annealed at 800 °C for 2 h to obtain a uniform CG structure with
an average grain size of 44 pm (Supplementary Fig. S1). The annealed bar
was hot and multi-pass extruded to rods with a diameter of 30 mm at
773 K. Then, 10 mm-thick plates were cut and rolled under liquid ni-
trogen temperature to the thickness of 1 mm in order to impart severe
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cold work and stored energy to promote recrystallization. Three groups
of rolled samples were then annealed at 723 K for 60 min, 773 K for 10
min and 773 K for 60 min to obtain homogeneous and HS recrystallized
microstructures.

2.2. Mechanical testing

The tensile specimens were dog-bone shaped with gauge dimensions
of 12 mm in length, 2 mm in width and 1 mm in thickness. Each tensile
test was repeated five times to ensure data repeatability, utilizing an
Instron 5966 machine. The uniaxial stretching direction was parallel to
the rolling direction and the strain rate was 5 x 10~* s~ The cryogenic
tensile tests were performed at 77 K and samples were bathed in liquid
nitrogen for 3 min prior to testing. To elucidate temperature effect on
mechanical properties and deformation mechanism, room-temperature
tensile tests were also conducted in parallel on samples with the iden-
tical processing history, gauge geometry and testing parameters.

The loading-unloading-reloading procedure in the tensile test was
performed at both room temperature and liquid nitrogen temperature,
employing a strain rate of 5 x 10~% s™L. The specimens had a length of
15 mm and a width of 2.5 mm. An extensometer was employed for
measuring the tensile strain. Following a series of specific unloading
strains, the specimens were unloaded to 20 N using load control mode at
a rate of 200 N/min, after which they were reloaded to the identical
applied load.

2.3. Microstructure characterization

The microstructures of the samples before and after tensile tests were
characterized by electron backscattering diffraction (EBSD, FEI Quanta
650F) and transmission electron microscopy (TEM, FEI Tecnai F20). The
EBSD data were processed using HKL Channel 5 software. Samples used
for EBSD measurements were electrolytically polished using a solution
of 10 vol.% perchloric acid plus 90 vol.% methanol. The flakes used for
TEM testing were mechanically polished to a thickness of 50 pm, fol-
lowed by ion milling to perforation. The grain size (d) distributions in
micrographs were evaluated using the linear intercept method (ASTM

Fig. 2. TEM micrographs of homogeneous and HS Ti specimens. (a) UFG sample, (b) HS sample, (c) FG sample and the magnified micrographs in (d-f), revealing

recrystallized microstructures.
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Fig. 3. Tensile mechanical behaviors of homogeneous and HS Ti. (a) Engineering and (b) True stress-strain curves at 77 K, (c) Engineering and (d) True stress-strain
curves at 298 K. The small square frames on the curves in (a) and (c) marked the tensile strength. The work-hardening indexes (n) are presented near the curves in (b)
and (d). (e-f) Histograms showing comparison of yield strength and uniform elongation at 77 K and 298 K.

E112-10).

In-grain misorientation axis (IGMA) within deformed grains were
investigated based on the microstructure analysis using EBSD. The IGMA
distribution for a specific deformed grain was determined utilizing the
Channel 5 software. The following steps were performed: (1) Grains of
interest were selected and orientation information for all interior pixels
was extracted. (2) The misorientation above 1.2° was determined for all
adjacent pixels. Misorientation lower than 1.2° was regarded from sto-
chastic error in measurement. (3) The density of corresponding lattice
rotation axes was calculated (measured in multiple uniform distribu-
tions, m.u.d.). More than 30 grains were randomly selected for each

sample, and the IGMA intensity of four representative rotation axes, i.e.,
(0001), (10-10), (10-12), and (13 —8-53), were extracted from each
grain. (4) The average was calculated to obtain an estimated IGMA in-
tensity for the rotation axes of the sample.

Dislocation densities were qualitatively estimated using X-ray
diffraction (XRD) and the modified Williamson-Hall method [32,33],
which considering the anisotropy of the elasticity of different crystal

planes. The modified formula is:Ak = 92+ /™ p3¢ch, where g is the

reciprocal vector and Ak is the displacement of the diffraction reciprocal
vector (obtained by the formula: Ak = %, A20 is the measured
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Fig. 4. Microstructural analysis of HS Ti specimens deformed to necking at 77 K and 298 K. (a) IPF map of the sample deformed to necking at 77 K. (b) IPF map of the
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FWHM); D is grain size; A is a constant; b is the Burgers vector of ma-
terials; ¢ is dislocation factor. The XRD experiments were performed on a
Bruker D8 discovery test machine at 42 kV using Cu Ka radiation (A =
?.15418 nm) with a scanning range of 30°—80° and a speed of 0.04° s

3. Results
3.1. Microstructures in homogeneous and HS Ti samples

Fig. 1 shows the typical inverse pole figure (IPF) mappings and grain
size distributions of Ti samples annealed under different conditions. All
three samples exhibit equiaxed grains, the microstructure characteristics
of which are primarily governed by recrystallization (Figs. 1a-c). The
773 K-10 min sample demonstrates a bi-modal grain-size distribution,
consisting of UFG zones (<1 pm) and FG zones (>1 pm). Figs. 1g-h
reveal that FG zones occupy 40 % of volume, and UFG zones account for
the rest 60 %. The segmentation also marks a prominent spatial
configuration for grains — fine grains are discretely distributed, each
being completely confined by ultrafine grains. This unique microstruc-
ture resembles the harmonic heterostructures in early reports [16,29].
The 723 K-60 min sample and the 773 K-60 min sample have grain size
distributions comparable to the respective UFG and FG zones of the HS
Ti (Figs. 1d-f). Hereafter, we refer to the 723 K-60 min and 773 K-60 min
samples as UFG-standalone and FG-standalone samples, respectively.
Crystallographic textures and grain structures are further characterized.
In Figs. 1i-k, textures in all three samples demonstrate a strong retention
of (0001) texture tilted approximately 30° from the normal direction

(ND), as perceived by prior reports on recrystallized o-Ti [34,35].
Additional data on grain boundary misorientation angle distribution in
Figs. 11-n lend further credence to the recrystallization-dictated struc-
tures. Note in all three samples, high angle grain boundaries (HAGBs)
take up more than 80 % of all grain boundaries.

To reveal the details of recrystallized microstructures in three sam-
ples, respective TEM micrographs for each condition are shown in Fig. 2.
Both the low- and high-magnification micrographs demonstrate stark
diffraction contrast from one grain to another, accompanied by some
bending contours due to the foil thickness effect. The relatively pristine
crystals with limited intragranular dislocation and sharp grain bound-
aries (marked by the blue arrows in Figs. 2d-f) in all three samples are in
line with the recrystallized microstructure identified by EBSD results.

Summarizing the microstructure characteristics of the three samples
of interest, one can safely conclude that the dominating difference
among them is the size distribution and spatial configuration of grains
while other features such as texture component and dislocation density
resemble each other (Supplementary Fig. S2). Hence, the HS sample is
composed of two groups of grains, each having a comparable size with
the respective standalone FG and UFG samples. Such similarity and
discrepancy in recrystallization structure allow us to dedicatedly resolve
the effect of harmonic grain structure heterogeneity on mechanical
properties by excluding other microstructural factors.

3.2. Tensile properties at cryogenic and room temperatures

Figs. 3a-d show the uniaxial tensile curves of three recrystallized
samples along with the conventional CG behavior as reference, tested at
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Fig. 5. [11-20] on-zone and two-beam condition TEM micrographs of a HS specimen deformed to ~10 % strain. (a-c) deformed at 77 K, (d-f) deformed at 298 K.

cryogenic and room temperatures (77 K and 298 K). The mechanical
properties are also visualized by histograms in Figs. 3e-f to facilitate a
direct comparison. At 77 K, the HS sample exhibits the most appealing
properties, with its yield strength, ultimate strength and uniform elon-
gation all outperforming those of UFG and FG samples (Fig. 3a). In
addition, the work-hardening index (n) obtained using the Holloman
formula (or = Ke}) also suggests that the HS sample has a hardening
capacity (n = 0.17) beyond FG (n = 0.12) and UFG (n = 0.07) coun-
terparts (Fig. 3b). Thus, despite being a mixture of FG and UFG con-
stituents, the HS sample defies the property trade-off established by its
two constituents at the cryogenic temperature. This demonstrates the
capability of the heterostructure to achieve strength and ductility su-
perior over its zone constituents at the cryogenic temperature, a trait
that has not been appreciated before. Statistics of repeated tests reaffirm
this anomalous but intriguing phenomenon (Supplementary Fig. S3).

These counterintuitive performances at the cryogenic temperature
motivate a parallel comparison to room-temperature behaviors. Strik-
ingly, room-temperature tensile properties of the HS sample (Figs. 3c-d),
particularly uniform elongation and working hardening index fall be-
tween those of the other two samples, i.e., still under the spell of
property trade-off. Additionally, we note that cryogenic ductility of the
HS sample exhibits 70 % improvement compared to its room-
temperature performance, far exceeding those of UFG- and FG-
standalone samples. In fact, the FG-standalone sample becomes even
less ductile at the cryogenic temperature. The comparison suggests that
heterostructure is capable of gaining extra strain hardening and ductility
beyond its domain components at cryo-temperatures, which is much
appealing but has yet to be fully analyzed in early studies.

3.3. Deformed microstructures after tension

The deformed microstructure analyses primarily focus on the HS Ti
sample for the following two reasons. Firstly, since its microstructure
can be approximately regarded as the blend of UFG and FG samples, the
UFG and FG zone interiors in HS samples are expected to inherit the
primary features of deformed microstructure in their standalone coun-
terparts. Secondly, the HS sample evades the property trade-off at the
cryogenic temperature. Therefore, the evolution of its deformed
microstructure is naturally of most interest to elucidate the mechanistic

origin of its superior properties.

To uncover the origin of anomalous improvement of cryogenic me-
chanical performance in HS Ti, we first characterize the deformed
microstructure and identify the deformation mode. Similar to room-
temperature conditions, dislocation slip remains the primary plasticity
carrier, while deformation twinning is limited. In Figs. 4a-b, IPF maps of
the uniformly deformed region upon fracture reveal rare presence of
twinning in both UFG and FG zones, regardless of deformation tem-
perature. The scarcity of deformation twins in both UFG and FG zones
are further supported by the grain boundary misorientation angle dis-
tributions (Fig. 4d), which does not signify prominence of any type of
twins after deformation compared to their initial states (Fig. 1m).

Regarding dislocation slip, IGMA is conducted to assess the pro-
pensity of each slip mode with significant statistics. Each slip system
corresponds to a respective crystallographic axis for lattice rotation, and
the intensity of in-grain rotation axes represents the relative propensity
of different slip modes [36,37] (see details in Supplementary Fig.S4 and
Supplementary note 1). Fig. 4c showcases the IGMA of random grains,
depicting the intragranular rotation axis distribution in the micro-
structure deformed to necking at both temperatures. Each rotation axis,
representing a slip system, exhibits an intensity in the orientation space
representation. We average this intensity for major slip systems in HS Ti
over more than 30 grains in samples deformed at 77 K and 298 K,
respectively, and present the statistics in Fig. 4e. Clearly, prismatic <a>
slip remains the dominant in cryo-deformation, while basal and pyra-
midal slips are relatively less operative.

Activation of dislocation slip is further confirmed by using disloca-
tion imaging and the invisibility criterion of g-b = 0 in Figs. 5a-f. It is
found that pure (a) slip predominates while (c) component remains
minimal in the observed grains regardless of the deformation tempera-
ture. We note some recent studies have reported the enhanced local
activity of pyramidal (c + a) slip in HS Ti deformed at room temperature,
which is ascribed to interface constraints [28,38]. The cryogenic tem-
perature, though, does not seem to heighten the role of pyramidal slip
according to the global statistics revealed here.

The dislocation densities in uniformly-deformed regions of FG-
standalone, UFG-standalone and HS samples deformed to 5 % are
analyzed by XRD. The width and intensity of Bragg peaks in XRD are
significantly influenced by grain size and lattice strain. Therefore, one
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Table 1

Dislocation density measurement in HS Ti deformed to 5 % at 77 K and 298 K
and rule-of-mixture estimate based on the homogeneous samples of identical
deformation conditions.

Measured dislocation Rule-of-mixture Ratio of pp,
density (pn, / 1014 calculated density (p. / 0 pe (pm/
m?) 10 m™?) pe)
HS sample 1.78 1.30 1.33
deformed at
77 K
HS sample 1.12 0.98 1.14
deformed at
298 K

can qualitatively estimate dislocation densities under different defor-
mation conditions using the modified Williamson-Hall method. The
experimental results are shown in Fig. 6 and Table 1. Clearly, the results
reveal that cryo-deformation always injects more dislocations into Ti
samples compared to room-temperature cases despite the three different
microstructures. This general trend can be rationalized by the mitigated
dynamic annihilation/recovery at cryo-temperature, leading to a higher
storage of dislocations. We further compare the measured dislocation
density in HS sample to the rule-of-mixture estimate from two stand-
alone homogeneous samples as per their volume fractions. Apparently,
the HS sample exhibits a higher excess of dislocation density (the ratio of
measured to calculated values in Table 1) at 77 K, more so than at 298 K.

This indicates that the HS sample can generate and store significantly
more dislocations at the cryogenic temperature.

3.4. HDI stress measured by load-unload-reload (LUR) tests

Fig. 7a-b show the LUR curves for HS Ti tested at 77 K and 298 K. The
test parameters were identical to those of uniaxial tension. The HDI
stress is obtained by the equation [39]:

6.+ 0,
Oupr = ) (@)

where oyp; represents the total HDI stress that conceptually contains
both intra-zone and inter-zone components; oy is the reloading stress and
oy, is the unloading stress. The HDI hardening can be further assessed by

doppy
dST

(2

®HDI =

where Oppy is the slope of the line segment in Fig. 7c. For the strain range
for stress evaluation, the HS exhibits stronger HDI hardening in cryo-
deformation than room-temperature-deformation. In addition, the
ratio of HDI stress oppy (Fig. 7c) to the overall stress og (Fig. 7a) could
serve as a measure for the role of HDI effect in the mechanical perfor-
mance. As shown in Fig. 7d, compared to the room-temperature-
deformation, this ratio is universally higher in cryo-deformation at all
levels of strains. Taking these as a whole, the results indicate that HDI
effect appears to play a more salient role at cryo-deformation compared
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to room-temperature deformation.
4. Discussion
4.1. Superior cryogenic strength-ductility synergy of HS Ti

We highlight the cryogenic mechanical performance of the HS Ti
against previously published data on the strength-elongation Ashby plot
(Fig. 8). The strength-ductility synergy of our HS Ti surpasses that of
pure Ti and even certain dilute alloys with homogeneous grain struc-
tures at cryogenic temperatures. The exceptional mechanical properties,
coupled with the alloy-free microstructure, position HS pure Ti as a
promising alternative to alloys in cryogenic applications, particularly in
cryogenic vessels, pipelines, and liquid rocket engines, where
composition-sensitivity or material cost is a concern. For data consis-
tency, literature data surveyed in Fig. 8 only encompass results from
bulk testing (no less than 1 mm for any gauge region) as miniature
samples are more susceptible to size effects and measurement errors
[401.

4.2. Deformation modes in HS Ti at cryo-temperature

To understand the underlying mechanisms for the anomalous
improvement of cryogenic mechanical properties in HS Ti, we firstly
attempt to analyze its deformation modes, focusing on two aspects —
first, addressing the scarcity of mechanical twinning in deformed
microstructure even at the cryogenic temperature; second, identifying
the major slip system in the tensile deformation.
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Table 2

The average Schmid factor for prismatic (a), basal (a), pyramidal (a) and py-
ramidal I (c + a) in HS Ti at 77 K.

Various Slip Systems

{10-10}<1 —  {0002}< {10-11}<1 — {10-11}<—
210> 11-20> 210> 1-123>
prismatic basal <a> pyramidal pyramidal I < ¢
<a> <a> + a>
Average 0.45 0.14 0.39 0.47
Schmid
factor
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Considering first the mechanical twinning, it is often perceived as the
primary cause for the enhanced ductility of CG Ti at cryogenic tem-
peratures [9], which is consistent with the CG data presented in our
Fig. 3a. This is because low temperature usually promotes twinning by
either altering the twinning stress or elevating the flow stress by
inhabiting dynamic recovery [45,46]. However, twinning is also
strongly dependent on grain size. Alteration in grain size mediates the
competition between dislocation slip and twinning as the dominant
deformation mode. For grain size more than 100 nm, reducing grain size
usually leads to a faster increase in critical stress required for twinning
than for dislocation slip [46]. Thus, below a critical size for which
critical stresses for both modes are equivalent (6, = Ouin), dislocation
slip governs the deformation and mechanical twinning diminishes. This
critical grain size becomes smaller as temperature drops or strain rate
increases. To specially elucidate our case, we invoke the analysis from
Meyers et al. [46] and apply to our pure Ti (Supplementary note 2). Fig. 9
demonstrates the slip-twinning transition for two grain size modals in
HS Ti. Apparently, at 77 K and a strain rate of 5 x 10™*s ~ 1, mechanical
twinning is not favored and dislocation slip dictates the tensile defor-
mation of all presented Ti samples.

Regarding the dominant slip system, texture also needs to be taken in
accounts. The recrystallized microstructure manifests a strong basal pole
roughly aligned with the ND. Thus, when pulled along the transverse
direction (TD)- rolling direction (RD) plane, at least one set of the
prismatic planes are expected to have a significantly higher Schmid
factor (SF) than all the basal. The average SF for prismatic (a), basal (a),
pyramidal (a) and pyramidalI (c + a) are listed in Table 2. Provided that
the prismatic slip has the lowest critical resolved shear stress (CRSS) at
cryogenic temperatures [47,48] and the highest SF according to
Schmid’s law analysis (Supplementary note 3), one prismatic slip system
could be envisioned to indeed govern the cryo-deformation.

4.3. Pronounced strain partitioning in HS Ti during cryo-deformation

The primary deformation mode itself cannot explain the anomalous
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Table 3
Strain partitioning analysis for HS Ti in respective deformation at 77 K and 298
K.

Volume fraction ~ Average grain-level =~ Normalized strain

strain upon necking  contribution to overall
plastic deformation
77K 298K 77 K 298 K
FG zones 39.7 % 0.35 0.17 76.7 % 65.1 %
UFG zones 60.3 % 0.07 0.06 23.3% 34.9 %

improvement of cryogenic mechanical property in the HS Ti since it is
shared by both homogeneous and HS Ti samples. To delve deeper, we
investigated the strain partitioning in the HS samples by tracking
changes in grain morphologies and sorting them according to their UFG
or FG origin. The true strain carried by an individual grain is calculated
based on its aspect ratio a using the formula ¢ = (2/3) lna and
assuming a = 1 for equiaxed grains at beginning [24]. Figs. 10a-f pre-
sent the statistics from over 300 grains in the HS Ti deformed to necking
at both temperatures. Notably, FG zones after cryo-deformation carry
more plastic strain compared to those after room-temperature defor-
mation. We further normalized the strain partitioning by considering the
volume fractions of each type of zones (Table 3) to enable a consistent
comparison, revealing that FG zones carry ~76 % of the strain in
cryo-deformation and ~65 % at room temperature, with the rest being
accommodated by UFG zones. Evidently, the strain partitioning in the
HS sample is statistically higher in cryo-deformation than at room
temperature, which is a crucial finding.

This heightened strain partitioning in post-yield deformation has

Acta Materialia 273 (2024) 119982

profound implications for the work hardening capacity in HS Ti at the
cryogenic temperature (as indicated by work hardening index in
Fig. 3b). At the microscale, the increased strain gradient near the zone
interfaces leads to a higher GND density according to strain gradient
plasticity [49,50] since dislocation slip is the dominant deformation
mode as established earlier. Consequently, this pronounced strain par-
titioning  contributes to the increase in two primary
dislocation-density-based terms in the hardening expression for heter-
ostructure —Taylor stress (Aorgyer) and HDI stress (Aoppr) [51-531.
Firstly, the increase of GND density makes a direct contribution to the
Aorqyer Dy elevating the total dislocation density, as substantiated by
XRD measurements in Fig. 6. Notably, at 77 K, the actual dislocation
density in the HS Ti significantly exceeds the estimate based on the rule
of mixture using homogeneous samples, more so than at 298 K (Table 1).
Secondly, the elevated GND density during cryo-deformation also leads
to an enhanced Acyp;. The ratio of HDI stress to the overall stress is
consistently higher in cryo-deformation at various strain levels (Fig. 7d),
substantiating the heightened role of the long-range stress during the
deformation at the cryogenic temperature. Altogether, it is indicated
that the pronounced strain partitioning and the intensified
hetero-deformation effect contribute to the cryogenic effect, driving the
anomalous improvement of cryogenic mechanical performance in HS Ti.

4.4. Origins of cryogenic impact on HS Ti

4.4.1. Temperature-dependent mechanical incompatibility

The observed cryogenic impact on mechanical performance of HS Ti
involves complementary mechanisms that operate at different length
scales. At the microstructure zone level, the cryogenic temperature
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Fig. 11. Temperature-dependent Hall-Petch constant kg in pure Ti. (a) Experimental measurement of Hall-Petch constant at 77 K and 298 K. (b) Conrad’s summary of
temperature-dependent k4 in Ti with different interstitial elements and contents [57-62]. (c) Experimental measurements of Hall-Petch coefficients k4(¢) with
different applied strain at 77 K and 298 K. (d) Curves of k4(¢) versus applied strain at 77 K and 298 K.

10



W. Su et al.

(a)

(0}
O <«— HS material
Oy -« Hard‘ zones
Gome | TS [ *— Virtual ROM
ROM itionina li
~+— Partitioning line
‘\
Os ¥~ Soft zones
€ Ens € €

Acta Materialia 273 (2024) 119982

(b)

H
En Eus Es £

Fig. 12. (a) Schematic illustration of mechanical incompatibility inducing strain partitioning (Ae = &5 — eg) in heterostructure during plastic deformation. (b)
Diffrerent extents of strain partitioning due to altered mechanical incompatibility at two deformation temperatures.

magnifies the flow behavior difference between FG and UFG zones,
thereby amplifying the mechanical incompatibility during deformation.
The difference in yield strength caused by grain sizes is determined by
the coefficient (kq) in the classical Hall-Petch relationship below:

o =0()+ kd(T7 é)d71/2 (3)
where oy is a constant and usually represents the lattice friction stress for
dislocation slip in the material; k4 is the Hall-Petch coefficient and is a
function of deformation temperature and strain rate; d is average grain
size. The phenomenological Hall-Petch relationship can be rationalized
via multiple models [10], and dislocation pile-up model is probably one
of the most used for reasoning, as deduced below [54,55]:

6 = 6y + pGb'?d"'? 6]

where G represents the shear modulus; b is the magnitude of the Burgers
vector; and f is a constant associated with crystal structure for poly-
crystalline materials. The pre-factor together Gb'/? corresponds to the
Hall-Petch coefficient k4. Clearly, k; is positively correlated with the
shear modulus (G). As temperature decreases, thermal vibration of
atoms decreases, so does the equilibrium inter-atomic separation, i.e.,
thermal contraction upon cooling. In general, elastic moduli of metallic
materials increase as their atomic separation decreases [56]. As the
shear modulus increases with decreasing temperature (42.4 GPa at 298
K and 48.1 GPa at 77 K for Ti [57]), kg becomes larger at lower tem-
peratures. For the present samples, k; was measured as 0.238 at 298 K
and 0.356 at 77 K (Fig. 11a) by adding a sample with additionally
different grain size (Supplementary Fig. S5), consistent with Conrad’s
summary of temperature-dependent k4 values, as depicted in Fig. 11b
[57-62].

For post-yield flow behaviors, we further analyzed the Hall-Petch
coefficient k4(¢) as a function of strain (shown in Figs. 11c-d) - it
almost remains invariant for different strain levels. Importantly, the
value of ky(e) is always higher at the low temperature, suggesting that
the flow stress is consistently amplified at all strain levels when defor-
mation temperature decreases.

4.4.2. Mechanical incompatibility and strain partitioning

The linkage between amplified mechanical incompatibility and
inter-zone strain partitioning can be pictorially explained in Fig. 12.
Fig. 12a illustrates the general case for strain partitioning and its impact
on HS materials. The black dashed line intersecting stress-strain curves
represents how strain partitions across hard and soft zones, which is
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hereafter referred to as partitioning line. Its slope, determined by the
spatial configuration of the hard/soft zones and the loading direction
with respect to this configuration, governs the partitioning law in the
plastic deformation. Using laminates with alternative hard and soft
layers as an example, strain partitioning is minimal when the tensile
loading is parallel to layer interfaces (isostrain condition and the par-
titioning line is nearly vertical) and pronounced when the tensile
loading is vertical to layer interfaces (isostress condition and the parti-
tioning line is nearly horizontal). In more general configuration and
loading conditions, the partitioning line is sketched in Fig. 12a and its
exact solution of slope (m) relies on numerical simulation or experi-
mental measurement. Using the measured respective strains (eg and &)
in constituent zones and lever-rule operation of their standalone stress-
strain curves, one can predict the rule-of-mixture stress (croym) for each
global strain level (egs). This rule-of-mixture stress is virtual because
actual response of stress needs to take the effect of heterogeneous
deformation into accounts, which gives rise to the additional stress term
(Ao) containing two parts (A6 qyior and Acypy in Section 4.3). According
to the strain-gradient-plasticity-based HDI effect [21,49-50], the addi-
tional stress is positively correlated to the extent of strain partitioning
(Ae = e5— €p), i.e., Ao ~ Ae, because both of its two parts are so as
elaborated in Section 4.3.

The extent of strain partitioning depends on both the partitioning
line and disparity of flow behavior between standalone zone constitutes.
The former is presumably insignificantly affected by the deformation
temperature since the spatial configuration of the hard/soft zones and
the loading direction are identical for room-temperature and cryogenic
tension. The latter can be strongly influenced by temperatures and
manifested in the temperature-dependent Hall-Petch coefficient, kq(T).
In other words, strain partitioning in the same HS material can be
expressed as a function of deformation temperature given the same
global strain and the slope of partitioning line,Ae = f(T)| Analyt-
ical determination of strain partitioning, Ae, is nontrivial, as it involves
solving a system of two-variable nonlinear equations. Here, we attempt
to understand the general trend of strain partitioning using the geometry
in Fig. 12b. Lower temperature gives rise to the amplified gap of flow
behaviors in standalone hard/soft constituents. While the partitioning
lines are assumed to share the common slope, the extent of strain par-
titioning is greater at the low temperature than the other (AT > AglT).
Consequently, the more pronounced strain partitioning will lead to a
greater excess accumulation of GNDs near zone interfaces to boost
hardening.

€qs, m*
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Fig. 13. TEM observation of dislocation slip behavior of HS samples deformed to ~3.8 % strain at (a) 77 K and (b) 298 K.

4.4.3. Temperature-dependent cross-slip tendency and GND configuration

At the dislocation motion level, low temperatures suppress cross-slip
while favoring planar slip and dislocation pile-up, promoting HDI stress
and hardening through effective GNDs pile-ups. The primary plastic
carrier, prismatic (a), is reported to cross-slip recurrently to pyramidal
planes that representing its ground state [63,64]. However, decreasing
temperature progressively leads to an even higher Peierls friction stress
in pyramidal planes compared to prismatic planes, making cross-slip
significantly retarded at cryogenic temperatures [64,65]. Additional
TEM observations of slip morphology at two temperatures lend credence
to this view (Fig. 13). The prismatic slip exhibits a more planar fashion
at 77 K with the dislocation lines primarily parallel to (0110) planes
when viewed near [2110] axis. In contrast, dislocation lines become less
constrained on prismatic planes, i.e., tendency for cross slip increases at
298 K. The cross-slip hindrance in the HS Ti promotes GNDs pile-up and
enhances HDI hardening efficacy. As planar slip prevails, dislocations
are more likely to pile up against zone boundaries. Compared to the
stochastic arrangement patterns for dislocations, pile-up creates a more
effective configuration of GNDs, resulting in long-range internal stress
against subsequent slip [25]. This means the overall hardening is
improved by boosting the Aoyp;while maintaining an identical Ao rgyior.

5. Conclusion

In summary, this study reveals anomalous improvement of cryogenic
mechanical properties in Ti with harmonic heterostructure, showcasing
its ability to surpass the trade-off limitation observed in homogeneous
Ti, a trait not observed at room temperature. The prismatic (a) slip re-
mains the primary plastic carrier at 77 K, similar to deformation at 298
K. However, the cryogenic temperature induces pronounced strain
partitioning and intensifies the hetero-deformation effect. These cryo-
genic impacts originate from two key aspects. Firstly, the temperature-
dependent Hall-Petch effect leads to the greater inter-zone mechanical
incompatibility at cryogenic temperature. Secondly, cross-slip is
retarded at cryogenic temperature, favoring planar slip and dislocation
pile-up, promoting high HDI stress through effective GNDs pile-up.
Together, these factors contribute to the enhanced effectiveness of het-
erostructures at cryogenic temperature. The insights into cryo-
deformation characteristics gained from this study is presumably
extendable to other heterostructures and therefore pave the way for
designing high-performance structural materials for cryogenic
technologies.
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